ABSTRACT
Prostate cancer is one of the leading causes of cancer death among men in the United States. Although, recent advancement in diagnostic tools has significantly increased early detection and decreased cases of advanced diseases, high numbers of patients who underwent treatment still experience recurrent disease at distant sites, after long periods of remission. Therefore, it is of paramount importance to elucidate the pathological mechanism of the tumor recurrence in order to identify better therapeutic targets and also to distinguish patients with indolent disease from patients with recurrent disease at the time of surgery for optimization of therapeutic intervention. Recurrent tumor cells disseminate at a very early stage even before diagnosis of localized disease and remain dormant as "residual disease" in patients for a long period of time. Colonization and recurrent growth at distant site requires acquisition of genetic and epigenetic alterations and remodeling of signaling pathways. This review focuses on recent advances on identification of biomarkers associated with early and late recurrent disease as well as mechanisms involved during recurrence of prostate cancer.
INTRODUCTION
Prostate cancer is one of the common causes of cancer in men. The incidence of prostate cancer is expected to increase up to 1.7 million cases by 2030 due to aging of global population (1, 2) . More than 90 % of death associated with prostate cancer can be attributed to metastatic disease (3) . Nevertheless, with the recent advancement in diagnostic technologies, prostate cancer has been detected in patients at very early stages, leading to improved therapeutic and treatment outcome (4) . Surgical resection of primary tumor at localized state has been established practice and is also associated with increased overall survival (5) . Despite this significant achievement in early detection and treatment, approximately 35% of patients who had surgically resected primary tumor experience recurrent disease after years (6, 7, 8) . On the other hand, there are evidences in which prostatic foci remain indolent without further progression for a long period of time. The lifetime mortality risk associated with these patients was ~3% (9) . So, it is important to distinguish patients who will suffer recurrence from patients who will retain indolent disease for proper management of this disease. This can be accomplished by understanding the biology behind dormancy and recurrence.
Increasing line of evidences support the role of epithelial to mesenchymal transition (EMT) in early dissemination of cells from primary tumor (10, 11) . EMT is also known to induce stem-like phenotype in cancer cells, which is associated with tumor growth, proliferation and drug resistance (12, 13) . Thus, EMT induced cells with stem-like phenotype remain in patients either as Circulating tumor cells (CTCs) in blood or disseminated tumor cells (DTCs) at distant site and are potential seed for recurrence. Mesenchymal to epithelial transition (MET), the phenomenon which is opposite of EMT is known to be essential for colonization at distant site (10) suggesting one potential mechanism behind recurrence. Similarly, prostate specific androgen mediated signaling can also influence disseminated cells for achieving recurrent phenotype. Additionally, loss of tumor metastasis suppressor genes (MSG), dormancy inducer genes, and organ-specific homing genes can play major roles in recurrence. The mechanisms involved in recurrence are essential for therapeutic targeting of this disease. Alternatively, primary prostate tumor can also be examined for the presence of biomarkers that can successfully predict recurrence at distant sites. This approach will enable aggressive therapeutic intervention to patients with aggressive disease. Thus patients can be distinguished for recurrence either by identification of molecular components involved in recurrence of CTCs and DTCs or by prognosis based on primary biopsy sample.
DISSEMINATION OF PROSTATE TUMOR CELLS AND RESIDUAL DISEASE
The pathological process of tumor progression is complex and involves multiple steps. This process is known as metastatic cascade and involves breaching of extracellular matrix by primary tumor followed by invasion to nearby stroma, extravasation of tumor cells into blood stream, circulation, intravasation into distant organ and finally formation of secondary metastasis (14) . The properties of the disseminated and circulating cells within the bloodstream or distant organs can be explored to gain significant insight in the mechanisms associated with recurrence.
The classical understanding of the metastatic cascade has been changed recently after successful isolation and enumeration of circulating tumor cells (CTCs) in the blood of patients at a very early stage. Patients with localized prostate tumor were found to be positive for CTCs suggesting early dissemination of tumor cells to the bloodstream (15) . Early dissemination can be explained by phenomenon of EMT which involves acquisition of molecular and genetic changes in the cells leading to increased motility (10) . In fact, it has been recently shown that patients with localized prostate tumor were found to be positive for EMT markers such as Twist and Vimentin further corroborating the role of EMT in dissemination of tumor cells into blood (11) . During tumor progression, cells are continuously shed to bloodstream via EMT. The number of disseminated CTCs decreases significantly after resection of localized primary tumor (15) . Although, primary tumor resection decreases the cell number in the blood, there are no evidences that CTCs are completely eliminated from circulation and even after the successful treatment with chemotherapy or radiotherapy, the remnant cells survive and potentially lead to growth of secondary tumor (16) . It is possible that CTCs home to distant organs as DTCs and seed for recurrence before diagnosis and treatment of primary tumor. Hence, resection of primary tumor even at a very early stage might have minimal effect in diminishing incidence of recurrence. On the other hand, in order to regrow at a distant site, these cells must survive the barriers imposed by the immediate environment or by therapeutic treatments. The potential of tumor cells to survive can be explained by recent cancer stem cell theory which suggests that metastatic characteristic are inherent properties of small fraction of the primary tumor cells that can overcome restrictive barriers (12, 13) . It is possible that recurrent cells possess cancer stem-like cells (CSCs) properties. In support of this notion, EMT has been found to be associated with acquisition of stem cells phenotype which further corroborates that recurrent cell population possesses CSCs properties (13) . Therefore, CTCs in blood with CSCs properties survives the systemic circulation and seed to multiple distant organs for recurrence. Homing of tumor cells at target organs is practically evident as DTCs in bone marrow of the patients. DTCs reside at target organ for long periods of time, and can be detected in patients either as solitary tumor cell or as micrometastasis before and after prostatectomy (6, 17, 18) . However, before recurrence as a secondary tumor, these cells must establish colonization in target organs (10) . Therefore, the time for recurrence might be regulated at two steps (i) CTCs to extravasation and homing and (ii) DTCs to recurrence. However correlation between detection of DTCs and recurrence was found to be inconclusive. Both negative and positive correlation in patients with no previous evidence of disease was found by two different studies thereby necessitating further verification of the role of DTCs in larger cohorts (6, 17) .
It is well recognized that a small population of tumor cells evading chemo-therapy is frequently correlated with the properties of CTCs and DTCs in clinical settings. Interestingly, this small population can regrow back into the primary tumor. Toivanen et al have recently shown that when tumor cells were isolated from patients with early staged androgen dependent disease and inoculated into mice followed by androgen ablation therapy, small population of tumor cells survived and was able to awake from quiescence phase in the absence of therapy. Additionally, these quiescent cells were positive for stemlike markers such as CD44, ALDH and Nanog suggesting that these cells are potential residual CSCs (19) . This finding also provides insight in the role of "disease remains" or "residual disease" with stem-like characteristic, which might exist in patients as CTCs or DTCs. Moreover, the fact that "disease remains" are non-proliferating , can overcome therapies and exist in patients for years after successful resection of primary tumor suggests that these cells are comprised with both the characteristics of CSCs and dormant cell (6, 20, 21) . On the other hand, these cells can survive at distant organs (as DTCs) focuses toward the role of microenvironment in modulating phenotype of tumor cells. Recent evidences also suggest that dormant cell can survive in niche provided by distant organ as a solitary tumor cell (22, 23) . All these evidences indicate that recurrent cells possess CSCs properties, disseminate from primary tumor before resection, reside at distant organ as a dormant disease and finally are evident as recurred tumor.
Switching of dormant tumor cells to aggressive phenotype requires remodeling of inherent signaling pathways within specific niche that can be acquired by genetic, epigenetic and metabolic changes inherited by the tumor cells. Further investigation on the identification of evolutionary process involved during circulation and arrest at distant sites may provide definitive clue to therapeutically target these cells to prevent relapse. Hence, it is important to decipher intrinsic properties of disseminated cells to distinguish tumor cells with high recurrent potential from cells with high dormancy potential.
MECHANISMS INVOLVED IN PROSTATE CANCER RECURRENCE
The disseminated cells from primary prostate have to face multiple challenges before colonizing to the target organ. Most of the tumor cells disseminated to blood are fated to die by anoikis, by shear stress in circulation and by Natural killer (NK) cell mediated lysis (24, 25) . However, some tumor cells survive and escape these barriers by forming aggregate with platelets (26, 27) . Tumor cells also have to face challenges when patients are treated with radiation or chemotherapy drugs. Only cells capable of overcoming these stresses can survive in circulation. Furthermore, after successful homing to the target organ, tumor cells are exerted with inhibitory signaling from immediate microenvironment (28) . Therefore, a recurrent tumor cell must acquire mechanisms to resist these barriers by regulating multiple signaling. Various external and internal factors are considered to be involved during the switch from dormancy to recurrence as described below.
Mesenchymal to epithelial transition
The concept of EMT promoting CSCs phenotype as well as dissemination is well established. It has also been proposed that MET leads to successful seeding as well as distant metastasis (10) . Recently, Tsai et al. have shown that MET is indeed a critical process in augmenting metastasis, using squamous cell carcinoma model (29) . However, whether MET is required for seeding or homing to distant organ is yet to be verified. The fact that EMT has been shown to be a marker of therapeutic resistance in breast cancer suggests that, in patients treated with drugs, dormant cells must possess mesenchymal phenotype (30) . Additionally, solitary survival of these cells in target organs also indicates that MET is not required for homing which raises possibility that recurrent switch is partly regulated by EMT/MET axis.
Notch and TGF-β associated signalings are known to induce EMT in several cancers including prostate cancer (31, 32, 33, 34, 35) . A study has shown the role of Notch signaling in aggressive prostate disease. Expression of JAGGED1, a ligand in Notch signaling was found to be high on metastatic cells compared to non-metastatic cells. This study has also shown that patients with localized disease can be predicted for recurrence based on JAGGED1 expression in primary tumors (36) . On the other hand, JAGGED induced Notch signaling is associated with CSCs properties via EMT and is known to promote self-renewal of CSCs as well as HSC (31, 37, 38, 39) . These findings provide insight into the role of Notch signaling in dissemination of prostate CSCs and their survival in circulation. Similarly, TGF-β signaling also increases metastasis through induction of invasive ability of cells (40, 41, 42) . However, TGF-β is also known to suppress secondary tumor growth by activating p38 mitogen activated protein kinases (MAPK) (43, 44, 45) . Therefore, it is plausible that tumor cell programs dissemination through EMT by activating Notch and TGF-β signalings, and these signaling increases the number of cells at the target site. However, these cells remain dormant due to EMT and are modulated by factors at target site for recurrence via MET. Nevertheless, precise mechanisms behind the switch from mesenchymal-state to epithelial state are yet to be elucidated.
Other studies suggest that disseminated prostate tumor cells occupy bone marrow niche by expression of Annexin II receptor and replace bone marrow hematopoietic stem cells (HSC). Annexin II receptor facilitates homing of prostate tumor cells to osteoblasts and bone marrow endothelial cells which are major components of HSC niche (46) . Normally, HSC niche involves regulated signaling for differentiation and retention of normal HSC (47) . HSC maintains mesenchymal phenotype and possesses multilineage potential (48) . HSC can exert same signaling that might possibly induce dormancy of tumor cells by enhancing mesenchymal state for extended period of time. Recurrence can then be driven by perturbing the normal homeostasis by secreting bone remodeling cytokines leading to MET followed by expansion of osteoblast which favors tumor progression in bone (49) . Bone microenvironment would otherwise inhibit secretion of these cytokine restraining tumor growth. Additionally, HSC niche is also known to play a prominent role in maintaining stemness of tumor cells which is crucial for survival of these cells as well as metastasizing in new environment (50) .
Similarly, metastasis of prostate cancer cells to bone is mediated by stromal derived factor 1 (SDF-1) cytokine and CXCR4 receptor axis (51, 52) . Prostate cancer cells express CXCR4 receptor to localize itself to bone, while SDF-1 is secreted by bone marrow cells (53) . The binding of SDF-1 to CXCR4 induces expression of Annexin II from osteoblast. In response to Annexin II signaling, prostate cancer cells express growth arrest specific 6 (GAS6) receptors. On the other hand, osteoblast expresses GAS6 proteins. This interaction of GAS6 and the receptor in the HSC niche has been shown to induce dormancy. Moreover binding between GAS6 and its receptor, specifically AXL, makes tumor cells become chemo resistant (54) . Therefore, this signaling must be disrupted to recur in bone environment. One possibility for induction of dormancy by this signaling can be related to phenomenon of EMT. AXL receptor tyrosine kinase expression is known to be stimulated by EMT in breast cancer (55) . Although this stimulation has not been shown in prostate cancer, it can be speculated that dormancy induced by Annexin II-is potentially due to EMT of prostate cancer cells as evident by AXL expression. Considering this scenario, MET can be a switch for recurrence which might be mediated by disruption of Annexin II based signaling.
Reactivation of androgen signaling
The phenomenon of re-activation of androgenmediated signaling can be observed in local recurrence, in which tumor grows back at the same site after hormone deprivation therapy or tumor resection. At physiological level of adrenal androgen, local recurrence has been observed in patients treated hormone deprivation therapy due to re-activation of androgen signaling (19, 56, 57) . Several studies have shown relation of increased levels of androgen receptor (AR) and its co-activators in patients with recurrent disease (56, 58, 59 ). Due to AR gene amplifications and mutations in these patients, both mRNA and protein level were found to be increased (60, 61) . In contrast, similar studies that have confirmed that androgen dependency in recurrence has also shown that there was no difference in expression of AR level between benign prostate and primary tumor, rather, recurrence was mediated by stabilization of receptors in tumors by both ligand dependent and independent manner (62, 63, 64) . These results were further supported by the finding that prostate specific antigen (PSA) levels showed no significant difference between benign and recurrent prostate tissue (65) . Moreover, level of dihydrotestosterone (DHT), one of the preferred ligand of AR, was found to be sufficient in prostate tissues for recurrence to occur, which corroborates the notion of role of androgen signaling in local recurrence of androgen dependent prostate disease (66) .
On the other hand, androgen independent prostate cancer or castration resistant prostate cancer (CRPC) develops via adoption and activation of several other pathways and is more metastatic and lethal (62) . Activation of several androgen receptor splice variants is associated with progression toward androgen independent disease and distant recurrence after radical prostatectomy (67, 68, 69) . Distant recurrence is known to be seeded by disseminated cells (CTCs and DTCs) residing at distant organ (17, 70) . However, involvement of androgen signaling in awakening of quiescent DTCs at distant site is rarely investigated. One of the clues in relation to the role of androgen signaling in distant recurrence was established when CRPC patients were found to express high levels of PSA (71) . AR as well as PSA was also found to be expressed in bone, epidural space and periosteum metastases of these patients, suggesting that driver factor for progression at secondary site involves activation of androgen signaling (72) . Similarly, CTCs isolated from CRPC patients were driven in hormone dependent manner which was evident as CTCs were positive for ERG oncogene and ER (71) . Additionally, it has also been found that glucocorticoid and its metabolites are able to stimulate growth of certain androgen independent prostate cancers with double mutations in their AR. Cortisol, which is the main circulating glucocorticoid in humans, is present in the physiological concentration greater than required to bind and activate mutated receptor (73) . These mechanisms may explain incidence of the recurrent disease that grows back in androgen independent manner. However, the precise mechanism behind recurrence of wild type AR is yet to be determined. One possible explanation involves activation of anti-apoptotic signaling via expression of Bcl2, which renders cells with proliferative capacity. Bcl2 expression was found to be increased in cells that were recovered from castrated mice; however, no association has been observed between CTCs and Bcl2 till date (74) . Alternatively, androgen deprivation may lead to selection of population with androgen responsiveness, that remains quiescent in the absence of androgen and lead to recurrent growth in the suitable environment (19) . These findings emphasize that mechanisms for recurrence at distant organs involve both androgen-dependent and -independent signaling and the time period it takes for recurrence represents time required to acquire genetic, epigenetic and metabolic changes that enables signaling associated with recurrent growth.
Loss of metastasis suppressor genes
The difference between metastasis and recurrence should be considered very carefully in designing effective therapeutic strategy for recurrence. Emerging role of metastasis suppressor genes may not exemplify the exact setting of recurrence; however, elucidating further mechanistic insight into the role of these genes may provide a clue in recurrence. Many genes are known to significantly suppress metastasis without inhibiting primary tumor, and these suppressors act as a secondary barrier at different steps of metastasis at different target organs (75) . Several lines of evidences have also supported the role of many metastasis suppressor genes including KAI1, RKIP, NDRG1 in prostate cancer dormancy (76, 77, 78) .
KAI1 is capable of suppressing metastasis of prostate cancer. This gene was shown to interact with Duffy antigen receptor of chemokines (DARC) present on the endothelial cells to suppress metastasis by inducing senescence and preventing extravasation. Indeed DARC-knockout mice were shown to significantly promote metastasis (77) . It can be inferred that disseminated CTCs with high level of KAI1 expression avoid anoikis mediated cell death and remain dormant by binding to endothelial cells. Therefore, the recurrent switch may involve switching-off of this pathway followed by extravasation of cancer cells. One approach to distinguish dormant population of cells from recurrent population would be evaluation of expression level of KAI1 in isolated CTCs. Additionally, the phenomenon of senescence to induce dormancy was also evident at the target site such as bone. Bone microenvironment has been shown to restrict the proliferating phenotype of prostate cancer stem like cells by inducing senescence. Moreover, the microenvironmentinduced senescence was found to upregulate NDRG1, another well studied metastasis suppressor gene. However, senescence was found to be reversible and this reversibility was correlated to recurrence and formation of secondary tumor (28) . Taken together, reversal of cell state from senescent to active proliferating type together with loss of metastasis suppressor gene may be one of the key recurrence mechanisms.
Another metastasis inhibitor gene Raf kinase Inhibitory Protein (RKIP) was found to suppress prostate cancer metastasis by regulating cell cycle and angiogenesis (76, 79) . On the other hand, RKIP is known to function by negatively regulating Extracellular regulated protein kinases 1/2 (ERK1/2) (80, 81). Recently it has been shown that the balance of dormancy and recurrence is regulated by the ratio between p38 MAPK and ERK1/2 MAPK level in several tumors including prostate cancer. High ratio of p38:ERK1/2 favored proliferation whereas low ratio was associated to dormancy (82, 83) . The finding that p38 can negatively regulate Raf mediated growth, suggests that p38 potentially inhibits ERK (83, 84) . Moreover, p38 activation is also associated with G0-G1 arrest as well as senescence (85) . In this context, RKIP is also considered to be associated with regulation of p38 and ERK levels and induction of cell cycle arrest or senescence. Therefore, it would be interesting to examine RKIP levels in solitary DTCs together with p38 and ERK1/2 levels to decipher potential role of RKIP in dormancy. On the other hand, RKIP expression is also associated with spindle arrest which suggests that loss of this gene will increase number of chromosomal aberrations leading to acquirement of potential to recur. However, chromosomal aberration linked to a loss of RKIP has not been validated yet (79) .
Tumor-inherent factors are responsible for retention of dormant state. These factors involve changes associated with morphology, reduced level of intra-cellular signaling and alteration of cellular state (Figure 1 ). Tumor cells must overcome resistive effect of one or more of these factors for gaining proliferative phenotype. It is also possible that Androgen mediated signaling, metastasis suppressing factors and MET activating factors cross-talk with each other and together drive recurrent cell proliferation. These factors can be exploited for their ability to retain tumor cells in dormant state which provides an alternative in treatment of recurrent disease. Moreover, molecular characterization of CTCs/DTCs in patients can also be used to predict the risk of recurrence (Table 1) . Alternatively, patients can be segregated based on the prognostic markers expressed either on the biopsy or resected tumor sample to selectively intervene patients who require aggressive intervention (Table 2 ).
BIOMARKERS FOR PROSTATE CANCER RECURRENCE

Markers based on level of PSA
The effective treatment of prostate cancer recurrence can be enhanced by examining the established biomarkers which can precisely predict the chances of recurrences. Present biomarkers include PSA testing and biopsy Gleason grading. Gleason grading for biopsy involves examination of differentiation rate and has already proven to be a poor predictor of recurrence (86, 87) . PSA testing, a measure of tumor burden, which is determined by quantitating the levels of PSA in blood serum, is widely used to predict incidence among asymptomatic men as well as disease relapse in patients after prostatectomy. Quantifying PSA levels for predicting recurrence is also known as biochemical recurrence. Examining PSA level with time as well as time for PSA recurrence after radical prostatectomy can independently predict recurrence based on survival of the patients (88) . It should be noted that PSA recurrence is correlated with high expression of Androgen Receptor (AR) in primary tumor (89) . Similarly, expression of different co-factors or co-activators associated with AR such as LSD1, FLH2, and TIF2 has also been shown to predict biochemical relapse of prostate tumor (90, 91) . On the other hand, a recent elegant study by Taylor et.al has demonstrated that DNA aberrations correlate with the biochemical relapse, by analyzing relatively large number of primary tumors, metastases, prostate cell lines and xenografts. In this study, DNA copy number alteration (CNA) in primary prostate was also shown to significantly relate to biochemical recurrence. Tumors with high CNA showed less time to recur compared to tumors with low CNA (92) . Various molecules associated with the progression of tumors have been shown to possess relevance in predicting biochemical recurrence. Tumor suppressive master regulator p53 and anti-apoptotic factor Bcl2 are actively involved in regulation of cell growth and apoptosis. PSA-based recurrence was associated with augmented expression of both p53 and Bcl2 in patients who had undergone radical prostatectomy (93) . Similarly, aberrant expression of E-Cadherin, protein responsible for maintenance of epithelial state of cells, was also demonstrated to independently predict biological relapse (94) . This finding suggests the potential role of MET in activation of androgen mediated signaling pathway as evident by PSA expression. Alternatively, factors in microenvironment of primary prostate tumor are also known to render prognostic value in evaluating patients for biochemical recurrence. Decreased expression of stromal WAP-type four disulfide core (WFDC1)/ps20 and hyaluronan (HA) in primary prostate was found to shorten recurrence-free survival time of patients independently (95, 96) . Similarly, increased volume of reactive stroma and augmented expression of Clusterin have been also shown to increase the incidence of PSA recurrence in shorter period of time (97, 98) .
Ironically, prediction of recurrence based on PSA has been controversial as two large screening trails showed that PSA level has no correlation to overall survival of patients and has limitations such as poor specificity and sensitivity (99, 100, 101) . Although, PSA levels do not provide insight into clinical recurrence, it can segregate patients with high risk or low risk for recurrence based on primary tumor characteristics. The predictive value of chromosomal abnormalities, MET associated factor and anti-apoptotic factor suggests that these factors play significant role in recurrence. New scientific approaches should be focused more toward finding alternative biomarkers to pinpoint patients for either clinical relapse or tumor specific biochemical relapse.
Circulating tumor cells
Recent evidences direct toward the role of CTCs in prediction of recurrence. CTCs are emerging in itself as a biomarker to predict recurrence in multiple cancers including prostate cancer (102, 103) . The number of shed CTCs was initially found to be correlated with progression of prostate tumor regardless of the androgen status. Increased tumor burden was shown to be associated with high number of isolation of CTCs (70) . In case of castration resistant prostate cancer (CRPC), CTCs count (>5 CTCs per 7.5ml blood) was found to be the most accurate predictor, better than PSA-based prediction, for overall survival in post-treatment patients (21) . Similarly, in an independent study, CTCs count in CRPC patients was found to be correlated to bone scan index, the percentage of tumor associated with bony skeleton which indicates that CTCs may feed a growing mass of tumor in bone (104) . Furthermore isolated CTCs were also found to be positive for tumor specific markers such as EGFR, ERG and AR which may play significant role in recurrence (71, 105) . The emerging prognostic value of CTCs for overall survival as well as therapeutic efficiency extends the idea that these cells possess CSCs features and with its malignant properties are able to form secondary metastases.
Other genetic markers for recurrence
Similar to PSA recurrence, tumor cell specific properties have also been shown to offer predictive values of clinical recurrence in patients. The level of angiogenesis, process of formation of new blood vessels, in both invasive and localized primary prostate tumor was found to serve as predictor of recurrence. Micro-vascularity as assessed by CD34 expression was found to be significantly correlated with clinical recurrence (106) . With the advancement of technology for high throughput gene expression analysis, the trend in identification of biomarkers has been extended to gene expression profiling of the primary tumor followed by the prognosis prediction based on clinical and pathological information. The combination of genes obtained based on this approach predicted clinical recurrence in greater than 95% of patients (107) . Another study proposed 5-genes model to distinguish recurrent and non-recurrent cases using small dataset of patients. These five genes, Chromogranin A, Sialyltransferase I, PDGFR-β, HOX6C and ITPR3, if expressed in high levels in primary tumor were found to be significantly co-related to recurrence (108, 109) . In a different approach of predicting clinical outcome, Seligson et al have shown the correlation between global histone acetylation and prediction for recurrence. This observation was confirmed by examining five residues in Histone 3 (H3) and Histone 4 (H4) for acetylation and dimethylation in clinical samples. It was found that high expression of these histone markers in primary prostate predicted biological recurrence independent of tumor stage and preoperative PSA level. However, mechanistically how this bulk histones modification could actually confer recurrence is yet to be determined (110) . Another epigenetic based prognosis for recurrence is based on a polycomb repression signature. The polycomb repression group complexes (PRC2), EZH2 (enhancer of zeste homolog 2), SUZ12 (Suppressor of zeste 12) and EED (embryonic ectoderm development) possess histone methyltransferases activity and are involved in transcriptional silencing (111, 112) . PCR2 target genes were significantly correlated to clinical outcome of the patients (112).
The identification of accurate biomarkers that hold high prognostic value for prostate cancer recurrence is still an unmet goal. All biomarkers can confer advantages on prediction and rationalizing decision making during treatment (Table 2) . Perhaps, capability of these biomarkers should be examined on bigger cohorts. Patients can be stratified based on the subtype of disease and biomarker appropriate for each subtype can be identified. Moreover, identification of organ specific recurrence biomarkers can be ideal treatment of specific disease. On the other hand, focus should be driven toward mechanistic side to understand how these biomarkers are responsible to predict recurrence efficiently. This mechanistic approach should elucidate role of these genes in altering microenvironment and assisting cells for recurrence. It might also be plausible that these genes aid only for augmenting aggressiveness of tumor cells, however, the fact that early stage localized disease can be predicted for recurrence based on these markers necessitates determination of exact mechanism behind it. In a different approach, CTCs positive for these markers can precisely be correlated with recurrence. Although current studies have shown that gene profile in CTCs and DTCs are much more heterogeneous than previously expected, expression profiling of CTCs for site-specific recurrence may establish expression signature associated with dormant and recurrent phenotype (113).
DISCUSSIONS AND FUTURE DIRECTIONS
Prostate cancer is becoming a curable disease due to early diagnosis and efficient therapeutic approach. However, the re-emergence of tumor has made this curable disease fatal. The variable period of dormancy among patients necessitates differentiation of patients susceptible for early recurrent disease from patients with indolent disease at molecular level. This segregation restricts therapeutic intervention only to patients with aggressive disease. Tumor can be differentiated as aggressive based on molecular characterization at three levels (i) Primary, (ii) Circulating (CTCs) and (iii) Disseminated and homed (DTCs) ( Table 2 ). Examining the levels of biochemical or clinical recurrence-associated biomarkers can distinguish patients with aggressive disease. Similarly, CTCs count and detection of DTCs on itself can also differentiate patients based on prognosed survival-time. On the other hand, recurrent disease can be targeted based on current knowledge of recurrence-involved mechanisms (Figure 1) . Alternatively, recurrent disease can be treated by inducing dormancy, the concept of making cancer a chronic disease. Drug inhibiting Androgen mediated signaling or Specific peptide drugs that share homology to metastasis suppressing genes can also be promising if delivered in an efficient way.
The future approach in treatment of recurrent disease should involve molecular characterization of residual disease to identify definitive clues involved in recurrence. Molecular mechanism associated with CTCs and DTCs, the overt seed for recurrence, should be analyzed at single-cell level for organ-specific recurrence. Recurrent cells known to remain dormant at target site must adopt evolutionary switch to activate itself from dormant state. Retrospective studies involving analysis of DTCs and CTCs in a cohort of patients with organ-specific recurrence can aid in finding of such targetable factors. Association of pathological conditions with genetic or epigenetic events can be validated via this approach. Similarly, experimental tool can be established by isolating tumor cells from clinical samples (CTCs or DTCs) that mimic recurrent or dormant growth on specific organ. This tool can be used to establish organ specific dormancy and recurrence signatures. Alternatively, animal model recapitulating recurrent and dormant growth can facilitate isolation and characterization of CTCs and DTCs. Monitoring these animal models can establish link between pathological conditions and distant recurrence. Similarly, transgenic animal models for prostate cancer can also be used for identification of novel next-generation biomarkers for prognosis and monitoring of therapeutic response.
ACKNOWLEDGEMENT
This work was supported by NIH (R01CA124650, R01CA129000 to KW) and the US Department of Defense (PC PC110060. PC101369 to KW).
